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I . Summ ary of RoHoar ch Pro ject . 

Research perforraetl uiuler this e,rant souglU to determine the role of the Inter- 
planetary magnetic field in controlling (1) particle acceleration processes in 
the earth's polar cap; (2) plasma convection patterns at high latitudes; and, 

(3) the topology of magnetic field lines in tlie earth's polar cusps. Tlie results 
of this research appear in papers that have been submitted for publicatioii in 
the Journal of Geophysical Research, Geophysical Researcli Letters, and Space 
Science Reviews. Two final papers are still under preparation and will be sub- 
mitted to the Journal of Geophysical Research in March, 1979. 

Tlie research Involved the analysis of data from tlie I,ow Lncrgy Klectron Exper- 
iment and the Retarding Potential Analyzer /Drift Meter r.xperlmcnt on Atmosphere 
Explorers C and D, along witli magnetic field data from the interplanetary space- 
craft Imp J. A brief summary of the results appears below, while the complete 
bibliography is listed in Section II. Several preprints are also attaclied, wlille 
reprints of published papers will be submitted when they are available. 

The primary result of the study on polar-cap particle acceleration regions 
was that they tend to occur in only one polar cap at a time, and that they occur 
in the hemlspltere for wlilch tlie magnetospher Ic tail-lobe field lines have solar- 
magnetospher ic x components tliat are antiparallel to those of the Interplanetary 
and tail-lobe magnetic field. This result suggests strongly that merging between 
interplanetary and tail-lobe magnetic field lines i’s Involved in tlie acceleration 
process. The complete lack of energetic positive ions in the polar cap acceleration 
regions suggests tliat they are the sites of strong f Icld-al Igneil (or Birkeland) 
currents. This suggestion Is confirmed by the convection Irregularities wliicli 
are observed In their vicinity by the AE RI’A/Drift Meter experiment. These results 
are being described comprehensively in a paper entitled "Polar Cap Electron 
Acceleration Regions," which is soon to be submitted to the Journal of Geophy- 
sical Researcli. Preliminary results have been included In the paper entitled "IMF 
Changes and Polar-Cap Electric Fields and Currents," which is being submitted 
to Space Science R eviews in January, 1979. 

The studies of high-latitude plasma convection and of the topology of magnetic 
field lines in the polar cusps are being reported together in a paper to be sub- 
mitted to the Journal of Geophysical Research. Preliminary results have been 
reported in papers entitled "Effects of the Interplanetary Magnetic Field on 
the Auroral Oval and Plasmapause" submitted to Space Sc teiicc Reviews in July, 1978), 
"IMF Changes and Polar Cap Electric Fields and Currents" fto be submitted to 
S pace Sc l ence Reviews in January 1979), and "Dayslde Auroral Arcs and Convection" 
( Geophys . Res. Lett ., 5, 391, 1978). The results of these studies were that 
southward-directed interplanetary magnetic fielda give rise to broad convection 
"throats" (as described by Ileelis, Hanson, and Burch In Get^h^s. R es. , 81 , 3803, 
1976) which cover several hours of local time across the dayslde cleft. Under 
such conditions, solar-wind plasma is channeled efficiently through the polar 
cusps to populate the plasma mantle and dayside boundary layer. On the other 
hand, the appearance of strong northward components in the Interplanetary magne- 
tic field result in a very constricted throat, resulting in inefficient pla.sraa 
entry at the cusps by diffusion processes. 
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Abatract . Racant DMSP and ISIS dayalde 
auroral obaarvationa ahow two striking features: 
a lack of vlalbla auroral arcs near noon and 
occaalonul fan shaped arcs radiating away frnn 
noon on *>oth the morning and afternoon sides of 
the auroral oval. We present a simple modal 
which Includes these two features as a 
consaquenca of the dayslde convection pattern of 
Heel Is at al . (1976). The swdel may be testable 
In the near future with simultaneous convection, 
current und auroral light data. 

introduction 

The signature of the magnetospherlc 
convection In the Ionospheric polar cap la 
primarily antlsunward flow, with a return 
sunward flow at lower latitudes on both the dawn 
and dusk aides ( Heppner . 1972: Curnett and 
Frank . 1973), corresponding to the familiar 
double-cell convection pattern (e.g., Cauffman 
and Curnett , 1972). Recent 1-dlmenalonal flow 
measurements ( lleells et al . . 1976) have shown 
that the antlsunward flow near noon la not 
uniform: the flow (or, equivalently, the 

cross-polar cap potential drop) is concentrated 
Into a narrow "throat" region near local 
magnetic noon. Away from local noon, the 
boundary between minward and antlsunward 
convection la a sharp tangential discontinuity 
(shear reversal), whereas near local noon, the 
"boundary" la harder to define, since the flow 
paths display a rotational reversal. 

In this letter we Investigate tlie suggestion 
( Pelff et al . . 1976) that this nonunIform flow 
pattern may produce visible signatures In the 
dayslde auroral morphology. 

The Eodel 

Consider an Infinitely long straight boundary 
where the drift velocity undergoes a simple 
shear reversal (Figure la). In this case, the 
electric field on either side points toward the 
boundary, as occurs at the afternoon polar-cap 
boundary. The Ionospheric Pedersen currents, 
therefore, also point toward the boundary from 
both sides. Current continuity (Vi*Jj_ - j^) 
requires a net upward Elrkeland current at the 
boundary (e.g.. Wolf . 1975, Yasuhara .tnd 
Akaaofu , 1977, Postoker and Bostrom , i976, and 
references therein) . For the definition of the 
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magnetic coordinate ayatem, aee Figure 1. Note 
that the requirement for an upward current la 
Inescapable, no matter how the conductivity say 
change across the boundary. 

Field-aligned currents are required along any 
boundary where the horizontal Ionospheric 
current diverges. This divergence may be due 
either to a change In conductivity with a 
constant electric field (Figure lb), or to a 
change In electric field (and flow valoclty) 
with a constant conductivity (Figure Ic), or 
some combination of the tvo . In either case, we 
expect the boundary to be roughly flow-aligned. 
For exair.ple, erhanced conductivity may arise 
from a reglor of enhanced particle precipi- 
tation, which would be convected along flow 
lines. 

The above mcdel la clearly ar. 
oversimplification both In Its geometry and In 
Its neglect of Ionospheric Hall currents. More 
coir etr oodela have been employed by 
Yasuhara et al . (1975), Sato (1976), and 
Vaauhara and Ak aaofu (1977) to calculate 
Ionospheric electric fields from an average 
Blrkeland current system as deduced from Triad 
data ( Zmuda and Armstrong , 197A). 

Our simple model, however. Is sufficient to 
predict the Icrstlon and dlrectlor of 
large-scale PirVelard currents ir cn Idtsllrid 
representation of an afternoon convection region 
(Figure 2). Guided by the results of 
lleells et al . (1976), we have made the flow 
pattern not only converge near noon, but also 
show Irregularities in flow velocities (as 
indicated by the spacing of the flow lines). 

For this simple example, we assume that the 
conductivity Is roughly uniform within 
(separately) tie sunward flow region and the 
antlsunward flow region. We find sheets of 
field-aligned currents, both into (x's) and out 
of (dots) the ionosphere. The line (a) 
corresponds to the convection reversal, where 
the most Intense upward currents are expected. 
The lines (b) and (c) also Indicate upward 
currents (their strength depending on the local 
conductivity), and lines (d), (e), and (f) 
Indicate downward currents. The more 
discontinuities there are in the flow velocity 
or conductivity, the more such current sheets 
will exist. Two distinguishing features of 
these current sheets are that (1) they appear to 
radiate from near noon and (2) they are absent 
or wec.ier lust at noon. The current sleets 
(a-d) sbculd correspond to the "Region 1" 
currents of Tljlma and Potemra (1976a, b); sheet 
(') corresponds to "Feglon 7" currents and sheet 
(e) to "Cusp Region" currents. 

The remalninc step of logic la to aesoclate 
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Fig. 1. Simple Iniitencee In wMrh Blrkeland 
current* arc required for current continuity. 

(a) Reversal In convection electric field. 

(b) Discontinuity In lonospberlc height- 
integrated Pedersen conductivity, 

(c) Discontinuity In flow velocity. 

The N? Indicates the north invariant pole; 1200 
and IPOO HIT lines are shown. 

sheets of upt.ard Blrlel/ind current with auroral 
arcs. For this model this 1* explicitly an 
assumption; however, this assocl^tlcn l.itt heen 
demenst ra t ed both on a small (Pm) scale (e.g. 
Casserly and Clcutler . 1975) and on a large 
(tens of km) scale ( t'amlde and APasofu , 1976). 

Ue assume that arcs are not associated with 
downward current sheets, unless n weaker upward 
sheet la Imhrcded within them. Finally, we 
assume that the brightness of the arc increases 
with increasing current Intensity. 

Tlic morning side can he treated in a similar 
w.iy; Just rotate the figure about the earth-sun 
line. Itpward currents become downward, and vice 
versa . TVo fundamental differences occur: (1) 

the m.ost Intense current slieet again occurs at 
the polar cap convection boundary (a), but this 
current Is now downward and therefore tiould rot 
necessarily be associated wltl' visible arcs. 

(?) Tlicrf are two upward current regions: the 
equaton.>ard edge of the sunward flow region 
(sheet f) and th» noleward edge of the 
antlsunward flow region (sheet e) . I'nlike sheet 
(a) these other two sheets n.ay not be required 
by the flow geometry and nay be diffuse; 
nevertheless, they are llVely to occur. 

For this example, then, we would predict arc* 
at sheets (a, b, and c) on the afternoon side 
and at sheets (d, e, and f) on the morning side, 
with the most Intense arc along sheet (a) in the 
afternoon . 

Tci t ral Izing these results, we predict: 

(1) Vo arcs, or only weaker sun-aligned ares, 
Just at noon. This feature Is confirmed by DMSP 
photographs ( Srvtler and Akasofu , 1976; DandePar 
and riPe , 1977) , and In the 5577 X data of the 
ISIS scanning auroral photometer ( Cogger et al . , 
1978), all of whom saw a m.lnlmum in auroral 
emissions near noon. On the other hand. 

Shepherd et al. (1976) reported a noontime 
enhancenic-nt In 6 300 X emissions. Taken 
together, this Implies that the 5577/6300 ratio 
is lower In the gap than In the neighboring 


auroral gone; thus, the average enrigy of 
electron* precipitating r«ar noon Is lower ( Wees 
and 1-ucPey , 197A), Tills Is essentially the sane 
result a* that t-f Mclilarm.ld et al . (1976) and 
Poteeira et al . ( 1977^ . Tliesc two studies showed 
from particle data that the neer-ncon cusp 
electrons are cunslderably cooler than those tn 
the morning and afternoon sides. Potemra et al . 
(1977) associated this afternoon energetic 
electron precipitation with tlie region 1 
field-aligned current region, us do we. A 
noontime gap In KeV inn and electron 
precipitation can also be seen In the data 
presented hv Pledlei and Borg (1972). 

(2) Tbe dayslde .lurcra can assume fan shaped 

structures, with the arc* i-manrrlrg from roughly 
lice HIT toward the morning *l«e, and/cr Iron 
roughly 13P0 HIT toward the -wenlng side. The 
fan shape results from multiple convection 
Irregularities, ami la therefore likely to be an 
Intermittent phenomenon. P'e predict that these 
arcs are roughly flow-aligned; tlius, the area 
bear striking similarity to the Inferred flia; 
pattern of Heel Is et al . (1976). This feature 
Is confirmed by DMSP photographs. Figure 3 Is 
one of the first dayslde auroral pliutugraphs 
nubllshed, by Snyder and Ak asofu (1976, their 
Figure 4), It shows: (1) a noticeable gap, or 

absence of arcs, near reen, and (2) the 
fan-shaped strecturet, srror.gir on the aftcrrccr. 
ildt bvt still discetr.jt'lc cr tbe mcriilng tide 
(note that tbit Is a southern hem.l sphere pass, 
so that the afternoon side la on tbe right). Ko 
f.tn ircB h.ive I een published by ISIS; however, 
they have been observed occasionally ( Anger , 
private ccnnr.unlcat Ion, 1978). 

(3) The most Intense upward currents (and 
therefore, the brightest ores) should occur on 
the convection levcrsal (sheet (a)) In the 
afternocii. This la conflrmtd bv C ogger et al . 
(1977), who report a 5577 A enhancement In the 
14 to 16 P3.T sector. 

(4) Tbe upward field-aligned currents on the 



Fig. 2. Sketch of a typical '‘throat" convection 
geometry, with a flow discontinuities and 
resultant Rirkeland currents, tines of dots 
indicate downward currents. Posslhlc 
associations with "Region 1", "Region 7", ond 
"Cusp Region" field-aligned current regimes 
( 111 Ima and Potemra . 1976a, b) are shown. 
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nornint atiie flov rrlnclpally Ir the cquaturward 
(ahi'-t f) nail polrt .ird (ahect e) eJRea of the 
flow pattvrr.a. Tliua thi> area on the nornlng 
aide ahould frnerally apan a wider range of 
latltudea than on the afternoon aide. In 
nartlcular, 'hr o>oat poleward aheet (e), la an 
upward current onl v on the aornlng aide. Tlic 
arc aaaoclatei' with this shrvt has the preatest 
chance of extending past the terirlnator to 
hecoee a "sun-allKncd arc", and Indeed one ruch 
arc can he seen In Figure 2 of Snyder and 
Ahasofu (197f). This feature la confirmed by 
T ne ’e 11 et al . (1977), who report that 
aun-allgned aics are twice aa frequent on the 
morning aide t> an on the <.>vi'iilng side. 

()) We note that In thia model the most 
pcleward currents (e) separate the faster flow 
at the edget of the polar cap from the slower 
flow near the center. Tlierefore, these currents 
ahould he atrorger on the aide wl ere the 
convective flow is stronger; e.g., for the 
Northern hemisphere, the afternoon (morning) 
nlda of the polr.r cap for negative (positive) By 
of the Interplanetar-^r^iiet Ic field, and the 

origin M- 

I OE 


Orbit 5960 1332UT May 10, 1975 

Fig, 3, DMSP photograph of dayslde auroral fan 
arcs. The cross Indicates the south magnetic 
pole; the line points toward the sun. The 
afternoon side lo on the right. (From Snyder 
and Akasofu , 1976), Note the similarity between 
the fan- like arc geometry and the convection 
pattern of Figure 2. 


opposite side In the southern hemisphere 
(H eppner , 1972). Thus It Is not surprising that 
1 1 1 1 ma and Potwmra (1976b) did not find a 
correlation of cusp current Intensity with E , 
since they did nut distinguish which side of^the 
cusp they were on. 

(6) Finally, we predict that the averall 
pattern of aheet currents rear noon thrtld 
rcaenble the convection pattern. I 1 1 Ima and 
Potemra (1976b, Figure 3) show a series of line 
Hcpments representing orientations of current 
sheets observed by Triad. The overall pattern 
of current sheet orientations Is not compelling 
evidence, but Is not Inconsistent with the 
picture presented here. 

foncluslons 

Botli the fan-shaped dayslde aurora and the 
noontime aurora) gap can be considered as simple 
consequences of the "throat" convection geometry 
of Heel Is et al . (1976). These fan arcs can 
extend well Into the polar cap (predominantly on 
the morning aide), becoming "sun aligned" arcs 
on the nlghtslde. Thus "sun-allgncd arcs" might 
swre reasonably be called "flow-aligned arcs". 
This conclusion is consistent with the data of 
IVng and Akasofu (1976), who showed polar cap 
arcs turning near midnight, thus possibly else 
f luw-.ll Igred . 

We predict that the Intensity of the "cusp 
region" field-aligned currents should be 
positively correlated with the strength of the 
fonosp’itrlc convection. Thius the cusp-region 
currents should be stronger on the nftrrroon 
(morning) side In tlie Northern (Southern) polar 
cap for an "toward" sector of the Intet planetary 
rnpnetlc field. 

Naturally, slm.ultaneous measurements of 
auroral currertr, particle pr«dr li s t it r , 
cot'vecilon and light (missions are required to 
establish these predictions. The data presented 
here are certainly suggestive that this 
mechanism Is at worl , however. 

The electrons precipitating In the throat are 
cooler; the electrons precipitating away from 
noon are mere energetic, and are associated with 
dayslde wres and strong field-aligned currents. 
It Is possible that the cooler throat electrons 
luive recently entered the magnetosphere directly 
by magnetic merging ( Relff et al. . 1977), 
whereas the hotter, more structured auroral fan 
electrons have a more complicated history, 
probably entering diffusively, and are 
principally Indicators of convection velocity 
shears rather than of direct injection from the 
magnetosheath. 
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Kintner ct al (1978) have noted the ex- 
istence of two distinct types of relatlon- 
siitps among the 5.2-keV electron trapping 
boundary, the cquatorward edge ot low-en- 
ergy electron fluxes, an«l the convection 
electric-field reversal in the low-alti- 
tude polar cusp. The purpose of this com- 
ment in to point out that the two types of 
behavior are actually quite similar and 
arc understandable in the context of a 
previous paper by ficclia ct al (1976) if 
one assumes that in both of the examples 
presented by Kintner ct al , Mawkeye 1 
passed through or near a restricted Ml.T 
region within the cusp — the region through 
wliich the sunward flow at lower latitudes 
reverses and is channeled into tl>e anti- 
sunward flow that fills the polar cap. 

In the Heel is et at paper it was noted 
that tlie equatorward edge of the cusp wa.s 
in all cases evidenced by a coincident in- 
crease in magnitude and variability of the 
ion convection meastirement s made on Atmos- 
phere Explorer C (AE-C) . This rorrespon- 
dence was so striking that It was stated 
therein that "...in all...rrblts examined, 
a valid determination of t'le cusp equator- 
ward bou’ulary can be made Just from the 
changes in tlie character of the horizontal 
drift velocity." It was furtlier noted, 
however, that examination of the total 
vector ion drift velocllv showed that 
changes at the cusp boundary do not always 
include a reversal of the east-west com- 
ponent of Ion flow. This reversal in many 
cases occurred at significantly higher 
latitudes within the cusp, or not at all, 
when the flow simply took on a strong 

*Also at Southwest Research Institute, 
San Antonio, Texas 7828A 



ant Isunw.ird component while malrtalr.lng 
the general direction of east-west flow 
that existed at lower latitudes. In 
those cases which did involve sharp re- 
versals in the flow direction 
a coincident cusp equatorward boundary 
was always found. These reversals were 
called shear reversals by Heel Is rt al, 
and were interpreted as electric cqul- 
potentlals bounding the cusp at its 
cquatorward boundary. Cases which did 
not fit this pattern Involved signifi- 
cant poleward convection across the cusp 
equatorward boundary as the flow vector 
rotated gradtially alcnj^ the satellite 
track through about 90 , from a generally 
sunward direct ion ‘at lower latitudes to 
a generally antisunward direction in the 
polar cap. In these cases a clear flow 
reversal could not be identified, and the 
region traversed was interpreted as being 
connected to a region of the magnetopause 
across which magnetospher Ic plasma was 
flowing. 

As noted in the Kintner ct al (1978) 
paper, the data slu'wn In their Figure 2 
displays all the features that the lleclia 
ct al (1976) paper associated with passes 
through a lu'ont ime region of rotational 
reversals (or convect ion "throat"). The 
convection velocity strengthened consider- 
ably and cli.»nged In direction between 
20:56 and 20:56 UT--the lime identified 
by Kintner ef al as that at which the 
5.2-keV trapping boundary and the cusp 
cquatorward boundary were also crossed. 

In fact, the flow cliaraclcrist Ics change 
quite dramatically a little after 20:56 UT 
which is the boundary we would associate 
with the low latitude eilge of the cusp. 

This definition would seem to be acceptable 


I PAGE BkANK NOT 


Orbit nl Tr.ii’k 
M.irch 10, 1975 


ill 


20. IV 7^ 


Sc lu'm.Tt Ir of siipi.oRtoil conf ir.ur.it ion in inv.iriant l.iiitinlo 
•nml m.irnctic loi’.il time of convective flow p.itlts (ll)’ht 
curves), <Misp p.irt Icle prec ipl t.it ion (sli.iileil .'ire.i) , .itul 
convection rc'versals (d.i.<lieii curves) for tlie two Hawkeye 
orbits disc.nsseil by A'nif»jrt’ rt <i7 ( 1978). 





• • 


frnir thf p.irticic ohKorvnt Ion nliov’n hy 
Klnlnpr fit at. Moreover, .is notetl by 
Heelis fit at for simil.ir r.ises, the flow 
velocity did not reverse .ibruptly tbrouKb 
antics near IBO”, but Inste.id rotated 
gradually, attaining a significant anti- 
sunward component bv about 20: I’T, at a 
somewhat higher latitude within the cu.'ip. 

The second example «'f Kintner fit at 
(their Figure 5) is a< lually quite simil -c 
to the first. Here the spacecraft passed 
through the convection threat at sliglitly 
earlier local times and at a mc*re acute 
angle. Figure I shows the orientation of 
t’ i two passes used by Kintner fit at with 
respect to the convection geometry that 
we believe to have existed at the time. 
Again f r«>m the ch.inge in conv«‘ct l»’n velo- 
city signatures we would predict the l(*w 
latitude edge of the cusp to be at 22:41 
UT--a bounda*'y which shown essent ial ly the 
same particle signatures as the previous 
example of Kintner et at. The hlglier la- 
titude reversal (at about 22:4S UT), sim- 
ilar to that observed in Kintner fit al'a 
divergence of the polar cap flow as it 
expands away from the convection "throat" 
(see Figure 1). The fact that the 5.2-koV 
trapping boundary extended to a few de- 
grees poleward of the cusp cquatorward 
boundary is consistent with the findings 
of fit at (197b) that on the 

average about half the latitudinal width 
of the curp is on field lines showing 
trapped energetic electron pitch-angle 
distributions. 


It should be noted that In the throat 
convection region, the nature of an ob- 
served electric flel<l reversal is very 
dependent on the orientation of the 
spacecraft with respect to the convection 
g, ometry. In contrast to Kintner fit at, 
who caution the use of particle data to 
locate the boundary between closeil dayside 
field lines and polar cap field lines, we 
caution the use of electric field reversals 
an indication of tills boundary. 

This research was sup- 
ported in part by the National Aeronautics 
and Space Administration under contract NAS8- 
J2584 and under grant NSG-5214. 
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The results of the Hrfitfn ct at (1976) 
paper would also pretllct tliat wlien Hawk- 
eye I or other spacecraft traverse the 
cusp at local times away from the dayside 
convection throat, the cusp equatorward 
boundary will be found to coincide with 
an abrupt reversal of tlie east-west com- 
ponent of ion convection. 
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ABSTRACT 


I Recent research into the effects of the interplanetary magnetic 

. field (IMF) on the carti; auroral oval and plasmapause are reviewed. 
i While the IMF sector structure has been known for some time to produce 

‘ asymmetries in polar-cap convection, recent work has shown these 

effects to extend into the dayside auroral oval. A restricted region of 
local times referred to as the convection "tliroat" is found to move 
to either side of the noon meridian in response to changes in the IMF 
15y component. 

I The question of the entry of solar-wind plasma into the magnetosphere 

I continues to be a prime area of research. While it is generally felt that 

magnetic merging must play some significant role, evidence continues to 
mount that it does not occur at the subsolar magnetopause, as previously 
^ supposed, and that other driving forces for antisunward convection must 

I occur on closed field lines. A suggestion is made that many of the seemingly 

cotuUcting observationt. that have been made in the region of the dayside 
cusps can be explained if significant distortions of closed field lines near the 
I dayside magnetopause are allowed and if closed and open field lines coexist 

I in the cusp, particularly near the entry layer. 

' Effects of the IMF on the nightside auroral oval and on the plasma- 

pause stem chiefly from the expansion of the oval to lower latitudes which is 
produced by southward IMF components and from the impulsive substorm 
phenomena that become stronger and more probable with increasingly 
southward IMF. 
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I. 


INTRODUCTION 


This paper reviews and attempts to synthesize recent experimental 
results and theoretical models on the effects of the interplanetary magnetic 
field (IMF) on the earth's auroral oval and plasmapause. Quite a number 
of phenomena involving electric and magnetic fields, currents, plasmas, 
and auroral displays have been attributed to interactions between the IMF 
and the geomagnetic field. Progress until 1974 has been reviewed by 
Burch (1974) and Nishida (1975). Attention here will bo focused on mor j 
recent work. Much of the recent progress has resulted from new data on 
near-earth field-aligned currents provided by the Triad satellite and on 
distant plasma flows by the HEOS satellite, from new analyses of older 
data from the ISIS 2 satellite, and from ground-based data taken at obser- 
vatories 5 « l! ‘8 tiie Clialanika radar. The IMF data for these studies 
have generally been obtained from the IMP series of satellites tlirough tlie 
National Space Science Data Center. 

The auroral oval, in its essence as the Instantaneous locus of 
discrete visible auroras, is the region of near-earth space which experiences 
by far the greatest input of energy from the solar wind and the magnetosphere. 
Although the auroral oval is readily discernible near the eartli, its extension 
Into space is not understood. At higher latitudes the field lines of the polar 
cap arc open, while the lower latitude field lines, extending through the 
diffuse aurora equatorward to the plasmapause, arc closed. The auroral 
oval, on the other hand, is probably threaded by both types of field lines. 
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FKid>aligncd currents transfer energy from the solar wind and outer 

magnetosphere to the ionosphere through the auroral oval. These currents 

s 

arc produced In the conversion of closed field lines to open ones (and vice* 
versa) and in the reversal of plasma flows. The dayside of the auroral 
oval is the site of direct entry of solar wind plasma into the magnetosphere 
and of the generation of electric fields that drive plasma convection within 
it. The night side of the oval is a site of strong dissipation of energy that 
is temporarily stored in the magnetosphere. This dissipation occurs 
through Bubstorms. Although substorms arc not generally triggered by the 
IMF, their jize and intensity is closely related to it. 

The following sections begin with a discussian of phenomena that 
occur in the dayside auroral oval and proceed to considerations of night- 
side processes. These sections are followed by a brief discussion of 
plasmapcuse phenomena since their relationships with the IMF have not 
been the subject of intensive study. 
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il. KFKKCTS OF TIIK IMF ON illF PAYSIDE AURORAL OVAI. 

A, Ionospheric Convection 

At low and mid-altitudes (nut several earth radii alon(> 
magnetic field lines) the auroral oval is identified as tlie mapnetospheric 
cusps or clefts witliin which plasmas of apparent mapnetuslieath origin 
arc observed. Althougli localized acceleration of electrons occurs in tiic 
cusp, essentially unmodified magnctoshcath positive-ion popvilations arc 
observed at low altitudes over its entire 09 to 15 hr local-time width. This 
observation has led to a generally accepted belief that plasma enters tiie 
magnetosphere over the entire daysidc niagnetopause. However, recent 
measurements of m.agnetie and electric fields and of field-aligned currents 
In this region have shown the entry to be confined to a tnucli narrower local- 
time sector wliich moves eastward and westward across the noon meridian 
in response to changes in the east-west cotuponent of the IMF. 

The first hint of tins localized entry region came from the 
UFOS magnetic-field measurements reported by Hedgccock and Thomas 
(1975). Reviewed recently by Fairfield (1977), the IIFOS data showed the 
dayside magnetic -field vectors near the magnetopause to converge to a 
small region in a "cusp-like” ratlier than a "cleft-like" configuration. This 
discovery was followed closely by the findings of llcelis et al (1976) who used 
tha convection velocity measurements of Atmosphere FJxplorcr C to identify 
a narrow "throat" through wh.ich plasma is channeled in its reversal from 


sunward to antisunward convection., A conceptual diagram presented by 
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Kairficld (1977) combines the lleclis ct jU results witJi those of Meppner (1977) 
to suggest a possible convection pattern for the entire northern polar regions 
for conditions of positive IMF Hy ("away" sector). F'airfield's conceptual 
diagram is reproduced here as Figure 1. Confirmation of this displacement 
of Uie northern hemisphere "U;roat" toward dusk for positive IMF By has 
been indirectly confirmed by the ISIS 2 magnetic-field measurements of 
McDiarmid et al (1978a). It is expected from the asynimctries that exist 
in polar-cap convection ( lleppner , 1972) that shifts in the opposite sense 
will be observed in the southern hemisphere. This expectation awaits 
experimental verification. The McDiarmid et al results are based on the 
concept that a westward magnetic-field perturbation in the northern hemi- 
sphere is produced by eastward convection, and vice-versa. This concept 
attributes a "line-tying" effect to the ionosphere in which Pcdcrsoi. currents 
dissipate energy at the feet of field lines, inhibiting plasma flow in tiie 
ionosphere. Having no effect at higher altitvides, tliis effect should result in 
an eastward tilt of eastward-convecting field lines and a westward tilt of 
westward-convecting field linos. 

The clear separation found by McDiarmid et al (1978a) between 
eastward and westward convection signatures in the cusp is shown in 
Figure 2, which is reproduced from their paper. Evident in Figure 2 is a 
strong tendency for eastward convection to be observed in a cusp crossing 
when the IMF By component is positive, as one would expect if the throat 
were displaced westward, or to an afternoon location. This -astward flow 
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would tend to feed polar-cap flow that is enhanced on the morning side, as 
observed by lieppner (1972). Further investigations by McDiarmid et al (1978a) 
showed the eastward and westward convection signatures to become stronger 
as I3y increased (sec Figure 3). The main effect of the IMF r.jj component 
on the cusp region magnetic perturbations appeared to be a shift of the 
region of maximum A B to lower latitudes as IMF Dz became more negative 
(see Figure 4, taken from McDiarmid et al, 1978a). This behavior is con- 
sistent with that found for the cusp particle-precipitation region by 
Burch (1973). 

B. Field- Aligned Currents 

Related to the cusp- region magnetic perturbations analyzed by 
McDiarmid et al (l978a)arc the cusp-region field-aligned currents observed 
by the Triad satellite and rcj jrtcd by lijima and Potemra (1976). lijima 
and Potemra noted a large-scale tendency for the cusp- region field-aligned 
currents to flow into the ionosphere in the post-noon sector and out of the 
ionosphere in the pre-noon sector, and suggested that these currents may 
represent an ionospheric diversion of the Chapman-Ferraro magnetopause 
current system. Investigating a possible relationship with the IMF Bjj com- 
ponent, lijima and Potemra observed the current intensity (as derived from 
the associated magnetic-field perturbations) to increase as IMF B^ became 
more negative (see Figure 5). McDiarmid et al (1978a) reported a 
tendency for their magnetic -field perturbations to become stronger for both 
high negative B^ and high positive Bj.. Figure 5 shows, however, that the 
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lijirna and Polcmra data did not extend into the high positive ttj, region, 

BO similar behavior may be shown by the cusp-region field-aligned 
currents, 

C. Daysidc Auroras 

Tl»e first ol>sorvations of dayside auroras by the IJMSP 
satellites ( Snyder and Akasofu , 1976) have also revealed clearly the 
existence of a cusp- or throat-like behavior as sketched in Figure 6, which 
is taken from a paper by Akasofu (1976). The absence of auroras in the 
Uiroat region has been postulated by Re iff £t (1978) to be due to the 
absence of shear-type convective flow reversals of the kind observed by 
Heelis et al (1976) in regions of local time on either side of the throat. 

Such reversals generally require field-aligned currents to feed the associated 
divergent or convergent ionospheric Pederson currents, and these field- 
aligned currents arc suggested by Reiff £t al to be the \dtimatc source of 
the dayside auroras. 

The region occupied by dayside auroras has been observed by 
Horwity. and Akasofu (197 7) to move toward lower latitudes as IMF 13 jj 
becomes more negativ’C. This behavior is expected from llic similar 
movement of the cusp particle-precipitation and A13 regions as noted above. 
Superimposed upon the IMF-induced latitudinal movement of the cusp is an 
effect due to substorm activity. As noted by Kamide et al (1976) for cusp 
particle precipitation and by Horwitz and Akasofu (1977) for tlic dayside 


aurora region, tlic cusp is displaced further cquatorward as substorm 
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activity increases. An example of this behavior is provided in Figure 1 , 
which is taken from Horwitr. and Akasofu (1977). The data in Figure 7 show 
an extended period with nearly constant IMF D 2 during which a period of 
substorm activity occurs. It is seen in Figure 7 Uiat the Increased activity is 
accompanied by an cquatorward movement of daysidc auroras of about i*, 
compared to shifts of several degrees associated with strong IMF southward 
excursions. 

D. Plasma Entry 

The low-altitude particle measurements of Rciff ct al (1977) 
and McDiarmid ct al (1976) and the distant cusp and magnetopause plasma 
measurements of Sekopke ct id (1 976) and Hacrendel ct al (1 978) can be used 
to construct an overall model of dayside plasma entry. Interpretations of 
these various results have been in seeniing conflict as discussed at length 
by licikkila (1978), lleikkila and Block (1977) and Rciff c^al_ (1 978). These 
conflicting results generally center on the question of whether cusp field 
lines arc open or closed. The following discussion attempts to resolve, at 
least partially, these disagreements. 

Figure 8 is a schematic diagram of plasma entry processes in 
the noon meridian as presented by Ilaercndcl £t al (1978). Shown in Figure 8 
are the magnetosheath (MS), the low-latitude boundary layer (LLBL), the 
higher latitude entry layer (EL) and the plasma mantle (PM). The 
conclusions of Haerendcl e^^are that efficient entry of rnagnctoshcath 
plasma occurs in tlie cusp region, forming tlic entry layer. This efficient 
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entry proceeds tlirongh turbulent orocesscs, probably including rccoimcction 
(or merging). The low-latitude boundary layer is populated by diffusive 
entry of magnetosheatli plasma and/or by the energization of cold magneto- 
spheric plasma tliat has been detaclicd from the plasmasphere and has 
subsequently been convected to the region of the magnetopause. 

It is suggested by llaerendel ct al (1978) that enhanced merging 
at Die cusp will result in dayside magnetic flux erosion (see Holzcr and 
Slavin , 1978, and references therein) and a depiction of tiic low-latitude 
boundary layer. The plasma mantle is Uiought to be formed by the poleward 
convection of cusp plasma onto open field lines as it flows down to low 
altitudes and is magnetically mirrored to thence flow down the tail. 

Sekopke ct al (1976) iiave demonstrated that the mantle tliickness increases 
significantly (from 1 to several Kk) when IMF It^ becomes strongly 
negative. This mantle thickening is easily understood in terms of enhanced 
poleward flow velocities resulting from the southward IMF, perhaps tlirough 
increased merging at the cusp. 

The IIEOS results as summarized in Figure 8 lead, therefore, 
to a model in which tlie plasma mantle is purely on open field lines and the 
low-latitude boundary layer is purely on closed field lines, while the 
transition occurs titrough turbvilcnt processes at U>c entry layer. The low- 
latitude measurements toward the flanks of the dayside magnetopause 
(Eastman ct al, 1976) can also be understood in the context of Figure 8 if 


the low-latitude boundary layer plasma is convected with significant velocities 
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around to the night side. However, H aerendcl c t al (1978) have not 
ascertained a consistent flow direction in the noon sector of the low> 
latitude boundary layer. 

Measurenicnts in the low-altitude cusp pose other qviestions. 

The rcsvilts of Ueiff ct al (1977) show the occasional appearance of positive-ion 
cnergy/latiUidc dispersion signatures (similar to those noted by Shelley ct al, 
1976), that arc consistent with the formation of the plasnia mantle by pole- 
ward convection in the cusp as described above. Simultaneously tiicrc existed 
evidence of rapid ion diffusion onto closed field lines equatorward of Uie cusp 
(perhaps the low-altitude signature of the low-latiUidc boundary layer of 
Figure 8). Tlie sporadic occurrence of the positive-ion energy /latiUide 
dispersion signature may be due to an as yet unconfirmed dependence on the 
IMF, and is likely to be due to its localization within the convection "tliroat" 
( llcclis cl al, 1976). 

An area of apparent discrepancy between low- and high-altitude 
measurements lies in the observation of trapped energetic-electron pitch- 
angle distributions in the low-altitude cusp ( McDiarmid ct al, 1976). 

McDiarmid ct ^ noted Uiat on the average about half the latitudinal width of 
the low-altitude cusp shows tliesc trapped distributions, which indicate field- 
line closure. In all cases, however, the intensity of the energetic electron 
fluxes drop sharply at t)ic equatorward boundary of the cusp. As the cusp 
is normally identified by the presence of low-cnorgy protons, and since the 
energy/latitudc dispersion signatures of Rciff et al (1977) extend to the cusp 
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cquatorward boundary, tlic existence of closed field lines significantly pole- 
ward of Uie equatorward boundary woidd lead to closed field lines in the 
plasma mantle. Preliminary results of a study now underway using 
Atmospliere Explorer II data show agreement with the overall results of 
McDiarmid et al (1976). That is, on tlie average roughly half the cusp is 
on closed field lines. However, those cases which show a minimum overlap 
between cusp protons and trapped electron distributions arc the same ones 
which exhibit strong energy/latitude dispersion signatures. Therefore, 
agreement of the low-altitude measurements with those made at high 
altitudes, and sumnjarir.ed in Figure 8 is expected to be closest in the 
region of the daysidc convection "throat". 

An idea presented recently by Johnson (1978) is consistent with 
the plasma entry model of llacrcndel £t al (1978) and witli the boundary-layer 
convection-generator model of Eastman et al (1976). Johnson's hypothesis 
is that efficient plasma entry occurs in a limited local-time sector of tlic 
high-altitude cusps (presuniably a region co; responding to the convection 
"Uiroat"). The entry occurs there primarily because of the wealt-ficld 
neutral-point magnetic configuration, and may proceed tlirough turbxJcnt 
processes such as merging. Once inside, wlicrc tlic plasma energy density 
dominates the local magnetic-field energy density, tlic plasma begins to 
flow in the antisunward direction as its prior history disposes it to do. 
Diffusion of this flowing plasma onto closed daysidc field lines produces 
the anti sunward -flowing boundary layer as observed by Eastman et al, 
while the plasma mantle is produced in the manner described above. 
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Jolin*«on*8 (1978) ideas ascribe more iinporlanco to the role of the 
boundary«laycr doscd>field>line region in tlic generiition of convection than 
do those of llaerendel et al (1978). Although Johnson's model naturally 
accommodates closed field lines in the low-altitude cusp it does not 
explain the north-south cusp convection asymmetries discussed above. 

The sketch in Figure 9 is an attempt to shou how closed cusp 
field lines may be distorted in such a way as to allow dayside convection 
"throats" in the northern and southern hemispheres which are displaced 
to opposite sides of Uie noon meridian. Figure 9 is a view from above 
the north pole of the earth, the magnetopause boundary layer, and a single 
field line. Although the field lino is closed, it intersects the northern 
hemisphere ionosphere in a prcnoon-sector convection "throat" and the 
southern hemisphere ionosphere in a postnoon-sector convection "throat". 
The field is distorted significantly only near Uie magnetopause. Assuming 
no distortion at the dawn-dusk meridian, such a configuration at the "throat" 
requires a prenoon-postnoon asymmetry in the sunward convection region 
in the same sense as the one that has been observed for antisunward 
convection. That is, for negative IMF By ("toward" sector) the northern- 
hemisphere convection "throat" would be located in the prenoon sector and 
both sunward and antisunward convection would be strongest in the post- 
noon sector. The opposite behavior woiJd be observed in the southern 


hemisphere. 
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In Figure 9 a high»latitudc turbulent entry region is indicated 
at the northern and soutlicrn cusps. If, as suggested by Haerendel e t al 
(1978), merging occurs at the entry regions, Uien one would expect 
field lines to be produced Uiere. If plasma also enters closed field lines 
there, as suggested by Jolinson (1978), there is the possibility that both 
closed and open field lines coexist in tlie entry -layer/cusp region. A 
coexistence of open anJ closed field lines in tJie cusp could be responsible 
for tlie higiUy structured cusp electron fluxes which led Maynar d and 
Johnstone (1974) to propose a localized particle entry model as sketched 
in Figure 10. The mixture of open and closed field lines would also lead 
to small-scale structure in cusp electric fields, as is observed, and a 
spreadir.g of the flow into the entire polar cap as the open field lines would 
be expected to have somewhat stx'ongcr poleward flow components while 
flow that is more nearly east-west would exist on the closed field 

lines. A mixture of open and closed field lines at the entry-laycr/cusp inter- 
face can also explain the sharp decrease of energetic electron fluxes noted 
by McDiarmid et al (1976) to occur in all cases at the cquatorward boundary 
of the low-altitude cusp. Returning to Figure 9 we note that,in addition to 
the closed field line shov/n, open field lines may also thread the turbulent 
entry regions# The subsequent flow histories of plasmas resident on these 
bvo types of field lines may be quite different. 
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m. EFFECTS OF TID-: IMF ON THE NIGIITSIDE AUUOUAL OVAL 
The night side of the auroral oval is dominated by substorm 
phenomena. While these phenomena are affected strongly by IMF variations, 
it has been difficult to establish direct cause-effect relationships. For 
example, solar-wind sliock waves produce magnetospheric compressions 
that often trigger substorms over wide local-time sectors. A number of 
sUidies, culminating in the recent work of Kokubun et al (1977) have 
established that magnetospheric compressions trigger substorms with a 
high probability only when the magnetosphere is in a metastable state 
that is associated with periods of southward IMF. Nevertheless, for most 
substorms the triggering process appears to be internal to the magnetosphere. 

It is well established that the inicr.sitv and spatial extent of substorms 
increase with the amount of southward IMF flux impingent on the magnetosphere 
in the preceding period of a half hour or so. Recent results ( Kamide et al, 1977) 
have shown further that the probability of occurrence of subslorms also 
increases greatly with increasing southward IMF. In their study, Kamide et al 
used data from the Alaska meridian north-south chain of all-sky cameras in 
order to be able to detect both high-latitude substorms (along the "contracted” 
auroral oval) and lower latitude substorms (as registered by the AE index). 

An carliei study by Kamide and Akasofu (1974) used magnetometer 
data from the Alaska chain to demonstrate that substorms which follow 
periods of southward IMF occur at lower latitudes, arc more widespread in 
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'latitude, and involve much larger total westward ionospheric currents. 

These effects are shown in P'igure 11. Horwjtz et al (1978) have obtained 
similar results on Uie expansion of the nightside oval using data from the 
Alaska magnetometer chain combined with meridian scans of the convection 
electric fields from the Chatanika radar. The llorwitz cjLal results are 
shown schematically in Figure 12. It is apparent from Figure 12 that in 
addition to an expansion of the auroral oval over its entire nightside sector, 
both northward and southward convection electric fields arc intensified 
following southward transitions of IMF 

Caar, ct al (1977) have performed a quantitative study which 
relates the magnitudes of auroral-zone magnetic bays which follow southward 
turnings of the IMF to the total southward IMF flux reaching the magneto- 
sphere. The results of that study are reproduced in Figure 13. Much of 
the scatter in Figure 13 is undoubtedly due to the incomplete coverage of 
magnetometer stations and in the use of but a single magnetogram in deriving 
bay amplitude. In interpreting this data, Caan£t M noted that the energy 
dissipated during substorms appears to come from the tail lobes, which act 
as reservoirs of stored magnetic energy. They cor/nuded tl.at the IMF may 
control tlie size of substorms by influencing the amount of stored tail flux 
available for utilization by substorms. 
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IV. EFFECTS OF THE IMF ON THE PLASMAPAUSE 

As pointed out by Chen and Siscoc (1977), the IMF Is expected to 

influence the dynamics of the plasmapause through its control of convection 

electric fields in the magnetosphere. Chen and Siscoe used the results of 

Burton ct al (1976) to estimate the relationship between solar-wind electric 

fields and magnetosphcric electric fields. Assuming a plasmasphere refill 
8 -3 -1 

flux rate of 2 x 10 cm s at 1000 km, and noting that re/lll proceeds for 
Lt values within the region of closed convective flow paths (the corotation 
region), Chen and Siscoc were able to provide estimates of typical plasma- 
sphere "sizes" that fall into the range of experimental measurements. 
However, the strong erosions and compressions of the nightside plasma- 
sphere that arc associated with substorm activity would be expected to 
mask any one-to-one correspondence between IMF fluctuations and plasma- 
pause positions. 

Another substorm-rclated phenomenon that would be expacted to 
have strong effects on the plasmapause are the intense (^3km/s) sunward 
ion flows which develop in tlie high TrUltudc trough in the evening local- time 
sector. Examples of these flows, which are the strongest observed at any 
latitude by the Atmosphere Explorer drift meter ( Hanson ct al, 1973), have 
been presented by Burch ct ^1 (1976). As discussed by B a nk s c_t al (1974), 
such strong flows arc expected to enhance the production rate of molecular 
ions in the trough as observed by Taylor ^t ^1 (1975). 


Except during very quiet times, one would expert from the above 
discussion that short-term effects of the IMF on the plasmapause will be 
dominated by the more impulsive phenomena associated with substorms. 

On the other hand, the long-term behavior of the plasmapause and phenomena 
such as dawn-dusk and interhcmispheric asymmetries in convective flow 
velocities and ion composition may well be predictable directly from IMF 


variations. 
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V. SUMMAKY ANH CONC LUSIONS 

The Rector strurtiire of the has been known for sumo time to 

produce asymmetries in polar-cap convection and tli* associated ionospheric- 
current systems. Uecenl work lias shown these effects to extetjd into the 
dayside auroral oval, where a restricted repion of local times referred to 
as tlie convection "tiiroat" is found to mi>ve to cither side of tlie noon 
meridian in resjionse to clianpes in tl>e IMF By cc'mponent. 

The question of the entry of solar-wind plasma into tlic maf;neto- 
sphere continues to be a |)rimc area of rescarcii. While it is generally felt 
thfit magnetic merging must (day some significant role, evidence continues 
to mount tliat it does not occur at the subsolar magnetopause, as previously 
supposed, and that other driving forces for antisunward convection must 
occur on closed field lines. Conflicting oi)sorvations made in the region 
of the dayside cus[is might be explained if significant interhemisplieric 
distortions of closed field lines near tlic dayside magneto[iausc are allowed 
ami if closed and open field lines coexist in the cusps, |)arficularly near 
Uic entry layer. 

Kffccts of the IMF on the niglUsidc auroral oval and on the plasma- 
pause stem chiefly from the ex(>ansion of the oval to lower latitudes tliat 
is produced by soutliward IMF components and from the impulsive substorm 
phenomena that liecon\e stronger and more (irobable with increasingly 


souUiward IMF. 
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